Abstract
environmental conditions between the preferred habitats could simultaneously select for 48 characteristic differences in both thermal tolerance and gill density. Such simultaneous 49 selection may have resulted in a non-causal association between cold tolerance and gill 50 density. For heat tolerance, the correlations with gill density could reflect a causal 51 relationship. Species relying strongly on diffusive oxygen uptake via setal tracheal gills may 52 have a reduced oxygen supply capacity and may be left with fewer options for matching 53 oxygen uptake to oxygen demand during acclimation, which could explain their reduced heat 54 tolerance and limited plasticity. Our study helps shed light on the mechanisms that underpin 55 thermal tolerance and plasticity in diving air-breathing ectotherms, and explores how Introduction relationship was more recently documented for caridean shrimps, another group of 71 crustaceans (Magozzi & Calosi, 2015) . In contrast, no such trade-off was found within
72
Deronectes diving beetles, where heat tolerant species actually showed greater plasticity, i.e.
73
the opposite pattern (Calosi et al., 2008a, see Fig. 1 ). There may be more than one reason for 74 this difference amongst arthropod groups. Rather than there being a direct trade-off between 75 thermal tolerance and plasticity, both traits could have evolved in response to the thermal 76 regime of the habitat a species occupies. Southwood (1977) proposed that the habitat 77 provides a templet on which evolution acts to forge the characteristic traits of an organism, so 78 that it can effectively deal with the conditions experienced. In this case, species experiencing 79 more variable temperatures could be expected to display greater plasticity of thermal 80 tolerance (e.g. Janzen, 1967) . In a related vein, it has been suggested that the difference could 81 be related to the direction of colonization from one habitat to another and the associated 82 change in thermal regime (Bozinovic et al., 2011) . Indeed, the ancestral habitat of the 83 porcelain crabs was cool and stable, but for the beetles this explanation requires a 84 consideration of the timescales, since the original habitat of dytiscids was probably lentic
85
(relatively warm and variable), but Deronectes have radiated in relatively cold and stable 86 stream habitats. Also, this explanation requires that an evolutionary trajectory away from 87 their ancestral thermal regime is coupled with a reduction in the plasticity of thermal 88 tolerance, irrespective of whether the trajectory is towards warmer or cooler habitats.
89
Alternatively, the contrasting patterns between diving beetles and crustaceans may be related 90 to differences in respiratory capacity, as capacity limitations on oxygen uptake and delivery 91 have been shown to be linked to thermal tolerance (Winterstein, 1905 , Pörtner, 2006 especially in aquatic taxa (Woods, 1999; Verberk and Atkinson, 2013; Verberk et al., 2016a) .
93
Variation in heat tolerance has been linked to mode of respiration in aquatic insects (Verberk 94 & Bilton, 2013; 2015) , to evolutionary innovations in respiration in crabs (Giomi et al., 95 2014). In porcelain crabs, as in other malacostracans such as caridean shrimps, gills have 96 multiple functions, being important for osmotic and ionic regulation, acid-base balance, and 97 ammonia excretion in addition to being a site for gas exchange (Freire et al., 2008; Henry et 98 al., 2012) . Thus it is possible that these other functional demands place constraints on the 99 capacity for gas exchange (e.g. larger gills allow faster rates of oxygen uptake, but may also 100 increase the need for osmoregulation). If such constraints are stronger in species that already 101 have a high capacity for gas exchange, this could generate a negative relationship between embedded in the elytra. These setal tracheal gills enable beetles to extract and transport 117 oxygen from the water directly into their tracheal system (Kehl & Dettner, 2009; Madsen, 118 2012). The gills allows the beetles to circumvent the diffusion barrier inherent to their thick 119 exoskeleton and enables them to perform underwater gas exchange which is functionally 120 similar to integumental respiration seen in many other aquatic insects (Mill, 1974) .
121
Experiments covering the elytra of Deronectes aubei aubei with a synthetic resin to negate 122 oxygen uptake via setal tracheal gills greatly reduced their ability to extract oxygen from the 123 water, whereas non-covered animals survived submerged for over six weeks (Kehl & Dettner, 124 2009).
125
To investigate the relationships between capacity for oxygen uptake and thermal tolerance 126 and its plasticity, we first tested whether there was a link between oxygen-limited heat 127 tolerance and respiratory mode by comparing individuals of D. latus that were forced to rely 128 exclusively on aquatic gas exchange using tracheal respiration with individuals that could 129 also employ aerial gas exchange using surfacing. Next, within a phylogenetically controlled 130 framework, we (i) explored the extent to which Deronectes species differ in the density of 131 setal tracheal gills as a proxy for their reliance on diffusive gas exchange, and (ii) determined 132 whether this relates to their inherent thermal tolerance and its plasticity. Building on the 133 habitat templet concept of Southwood (1977), we also explored whether patterns in thermal 134 tolerance and plasticity in thermal tolerance could be related to the thermal regime of the 135 habitat individual species occupy. Whilst all the species in this study inhabit running waters, 136 there are differences in stream temperature and flow/permanence regimes across taxa.
138

Methods
139
Study species
140
Full data on thermal tolerance, changes in thermal tolerance following exposure to elevated 141 temperature (thermal tolerance plasticity), density of setal tracheal gills and phylogeny were 142 obtained for 15 Deronectes species (see Table S1 for an overview of the species and their 143 morphological and physiological traits). For 13 species, thermal tolerance data have been 144 reported elsewhere (Calosi et al. 2008a; Calosi et al. 2010 ). In addition, in this study we and preparation for thermal trials are described in detail elsewhere (Calosi et al. 2010 temperatures were avoided and acclimation was in most cases not stressful (see Calosi et al. 166 2010), and indeed no mortality occurred in any species during the exposure period.
168
Thermal tolerance and its plasticity 169 After the exposure period, individuals from each acclimation temperature were haphazardly 170 assigned to two equal subgroups used to determine their tolerance to heat and cold. Full 171 methodology is described in Calosi et al. (2008a; 2008b; 2010 We assessed the impact of mode of respiration on heat tolerance under different oxygen 195 conditions in one of the 15 species: D. latus, the most tolerant species in our comparison, 196 using previously described methods (Verberk and Calosi 2012; Verberk and Bilton, 2015) .
197
Briefly, individuals were placed in flow-through chambers, whose water supply could be Hutchison, 1997). The heating rate, endpoint and starting temperature all therefore differed 208 from the methodology described above, meaning that the critical thermal temperatures from 209 both methods cannot be compared directly. CTmax was assessed under normoxia, hypoxia 210 and hyperoxia conditions (5, 20, 60 kPa O2 respectively) and adults were assessed with and 211 without access to air. Oxygen tension of both the water and the air in the headspace was 212 altered to produce hypoxia and hyperoxia, as described by Verberk and Bilton (2015) . concentric ridges, and rod-like setae associated with deep punctures or craters (see Fig. 2 ).
219
Only the spoon-like, setal tracheal gills, which were by far the most dominant type on
220
Deronectes elytra, were enumerated.
221
Density of setal tracheal gills was determined from digital images of the elytra, using light angusi (n = 3) and D. moestus (n = 6).
233
Data analysis
234
In order to investigate the effect of oxygen tension on the CTmax of D. latus, we used linear 235 models with 'oxygen conditions' (hypoxia, normoxia or hyperoxia) and 'access to air'
236
(access or no access to air) as fixed factors. We also included the interaction between these 237 two terms to test whether effects of oxygen on CTmax differed when individuals exposed to 238 different oxygen levels had access to air or not. Data from these trials showed small 239 deviations from normality (visually assessed from Q-Q plots) and homogeneity of variances 240 (formally tested using Levene's test), which were due to large variability in CTmax observed 241 under hypoxia in the treatment without access to air. A conservative analysis, which excluded 242 the three lowest values to meet test assumptions, yielded qualitatively similar results, flagging 243 the same contrasts as being significant. We therefore deemed the analysis robust to these 244 small deviations and present the complete results.
245
Differences in setal tracheal gill density across species were analyzed using a linear model 246 with 'species' as a fixed factor, followed by Tukey post-hoc tests. Preliminary analysis 247 showed that the three measures of seta on the anterior, middle and posterior region were 248 highly correlated across the 15 species (R 2 > 0.923, t1,13 > 12.97; P < 0.0001) and also across all 74 individuals, accounting for species differences in a mixed effect model (R 2 > 0.80; t1,72 250 > 11.51; P < 0.0001). Therefore these three measures of gill density were averaged to 251 produce a composite measure (hereafter referred to as gill density in punctated sections). The 252 fourth measure of gill density in sections without punctation was found to be correlated much 253 less strongly to this composite measure in a mixed effect model (R 2 > 0.13; t1,72 > 3.707; P = 254 0.00021) and was therefore analyzed separately (hereafter referred to as gill density).
255
Preliminary analyses also showed that variation in setal density of individuals was mainly 256 due to interspecific differences rather than body size and sex. When included in a mixed 257 effect model to explain differences in gill density, elytra length (as a measure of body size) > -1.505; P > 0.13), indicating that gill density did not differ between males and females.
264
Relationships between a species mean gill density, mean thermal tolerance (CTmax and 265 CTmin) and plasticity in thermal tolerance were analyzed using linear regressions across the 266 15 Deronectes species. To test whether the same outcome was obtained within a 267 phylogenetically controlled framework, we also analyzed the relationships between gill 268 density, CTmax, and plasticity in CTmax using phylogenetic independent contrasts, in the R- D. brannanii, D. latus, D. fairmairei, D. hispanicus, D. moestus and D. opatrinus. 287 Differences in gill density between species occupying the two habitat types were assessed 288 using a t-test. 
Results
291
In Deronectes latus, CTmax was reduced by 1.8 °C in hypoxia (5 kPa), compared to 293 normoxia (20 kPa). This reduction increased to 6.2 °C for individuals denied access to air 294 ( Fig. 3 ).
296
Density of setal tracheal gills
297
There were clear differences between species in mean gill density (Fig. 4A ). These 298 differences were found to be significant (GLM: Species F15,74 = 33.74; P < 0.0001), with 299 average densities (# seta per mm 2 ) varying from 3,444 in D. hispanicus to 6,680 in D.
300
wewalkai. Differences across species in gill density in punctated sections were smaller (Fig.   301 4B; F15,74 = 23,18; P < 0.0001) and this measure of gill density had a higher coefficient of 302 variation (7.2% vs 5.9%). Differences between density in punctated and non-punctated is likely related to differences in flow sensory ability, we focus subsequent analyses on non-305 punctated sections (see Table 1 ), which was not confounded by the degree of punctation and 306 report results on setal density in punctated regions in Table S2 . (Table 1 ). No significant relationship was detected between 316 thermal tolerance and gill density for individuals acclimated to 14.5 °C, neither for heat 317 tolerance (P = 0.169) nor cold tolerance (P = 0.125). Also, no significant relationship was 318 detected between thermal tolerance and the composite measure of gill density in punctated 319 regions (Table S2 ; P > 0.31). Furthermore, analyses accounting for differences in body size 320 by including body size as a covariate showed that size did not have a significant effect (P > 321 0.063). When gill density was expressed on a size-specific basis, we found a significant 322 relationship for CTmax only (P = 0.0112), where species with a relatively high gill density 323 had reduced CTmax.
325
Plasticity in thermal tolerance in relation to gill density 326 Plasticity in thermal tolerance (i.e. the change in critical temperatures with acclimation) was 327 related to gill density. Beetles with a higher gill density showed greater plasticity in CTmax 328 (F1,13 = 17.48; P = 0.0011; R 2 = 0.574; Fig. 6A ), but not CTmin (P = 0.412; Fig. 6B ). As 329 noted in the introduction, inherent heat tolerance and plasticity in heat tolerance were also 330 correlated across these Deronectes species (Fig. 1) . Therefore, we used partial regressions to 331 factor out any confounding influences. This analysis still revealed an effect of gill density on 332 plasticity in CTmax, when controlling for CTmax (P = 0.046). In contrast, we found no 333 significant relationship between CTmax and plasticity in CTmax after controlling for the 334 effect of gill density (P = 0.98). When applying phylogenetic independent contrasts, an even stronger relationship between gill density and plasticity in thermal tolerance was found for 336 CTmax (P = 0.00023; R 2 = 0.659), but the relationship remained non-significant for CTmin 337 (P = 0.220) (Fig. S1 ). Plasticity in thermal tolerance was found to be unrelated to the 338 composite measure of gill density in punctated regions (Table S2 ; P > 0.282). Also, 339 accounting for differences across species in body size did not reveal an effect on plasticity in 340 CTmax (P = 0.679), but larger species did show lower plasticity in CTmin (P = 0.0480).
341
When gill density was expressed on a size specific basis, we found no significant effects on 342 plasticity in CTmax or CTmin (P > 0.0771).
344
Habitat use 345 Species of the two habitat categories differed in their gill density ( Fig. 7 ; t1,13 = -3.034; P = 346 0.0096); taxa associated with thermally constant streams having higher gill densities than 347 those from thermally fluctuating habitats (see methods for habitat categorization). Habitat conditions may also directly select for differences in gill density. The evolution of 371 high densities of setal tracheal gills within the Deronectes group suggests that staying 372 submerged is an adaptive strategy in these largely lotic aquatic insects. Presense/absence and 373 variation in gill density may capture a gradient from beetles relying completely on aerial gas 374 exchange via surfacing to beetles relying on diffusive oxygen uptake, enabled by dense setal 375 tracheal gills which allow beetles to remain submerged for longer (Kehl & Dettner, 2009 ).
376
Higher gill densities, enabling more oxygen uptake, could be argued to be more important in 377 warmer habitats where beetles require more oxygen, yet we found high densities to be associated with cold, stable, permanent flowing waters (Fig. 7) . Being more reliant on 
388
Given that habitat conditions likely influence both thermal tolerance and gill density, the key (Table 1) . Thus, we believe that differences in 395 cold tolerance may predominantly reflect selection pressures originating from the different 396 habitat conditions and that the correlation between cold tolerance and gill density is non-397 causal. The concordant differences between, on the one hand, gill density and on the other options for matching oxygen uptake to oxygen demand, which could in turn limit plasticity 417 for heat tolerance. One way to increase diffusive oxygen uptake is to maintain steeper 418 gradients in pO2 but obviously there are limits to how far internal pO2 can be lowered in 419 practice. Lane et al. (2017) show that such limits can explain maximum body sizes in 420 pycnogonids, which also rely on gas exchange across their cuticle. As individual species may 421 differ in the thermal windows over which they can effectively acclimate (Calosi et al., 2010), 422 it is also possible that using the same acclimation temperatures across all species may have underestimated plasticity of heat tolerance in species with high gill density, which typically 424 occupy cooler habitats.
425
Strong relationships were found for gill density in non-punctated sections of the elytra, but 426 not in punctated regions (Table S2) . Punctures and associated setae may have a sensory 427 function, meaning that their densities and distribution are driven by selection pressures 428 unrelated to gas exchange. Punctures take up surface area that cannot be covered by setal 429 tracheal gills and the density of gills in punctated sections may be driven largely by non-430 respiratory factors. Gill density in non-punctated sections of the elytra may better reflect 431 selection to increase capacity for underwater gas exchange, and could be accompanied by 432 other physiological changes to further increase supply capacity (e.g. a lower internal pO2).
433
Since the coldest habitats are also characterised by faster flow and more stable discharge, it is 434 difficult to disentangle the selection pressures on gill density and heat tolerance. Seebacher Our study contributes to our overall understanding of thermal tolerance and plasticity in Figure S1 . Relationship between setal tracheal gill density and plasticity in either heat 645 tolerance (A) or cold tolerance (B) evaluated by phylogenetic independent (PI) contrasts.
646
Note that for the plasticity in heat tolerance, the relationship based on PI contrasts is stronger 647 than that based on OLS (see Fig. 6A ). 
